RepX represents a new informatics approach to probe the UniGene database for potentially polymorphic repeat sequences in the open reading frame (ORF) of genes, 56% of which were found to be actually polymorphic. We now have performed mutational analysis of 17 such sites in genes not found to be polymorphic (50.03 frequency) in a large panel of human cancer genomic DNAs derived from 31 lung, 21 breast, seven ovarian, 21 (13 microsatellite instability (MSI)+ and eight MSI7) colorectal cancer cell lines. In the lung, breast and ovarian tumor DNAs we found no mutations (50.03 ± 0.04 rate of tumor associated open reading frame mutations) in these sequences. By contrast, 18 MSI+ colorectal cancers (13 cancer cell lines and ®ve primary tumors) with mismatch repair defects exhibited six mutations in three of the 17 genes (SREBP-2, TAN-1, GR6) (P50.000003 compared to all other cancers tested). We conclude that coding region microsatellite alterations are rare in lung, breast, ovarian carcinomas and MSI (7) colorectal cancers, but are relatively frequent in MSI (+) colorectal cancers with mismatch repair de®cits. Oncogene (2001) 20, 1005 ± 1009.
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Repetitive DNA sequences such as microsatellites consist of 1 to 10 nucleotides that are repeated a variable number of times. These repeat sequences can be polymorphic, and such polymorphic microsatellite markers have been used in a variety of genetic studies, such as linkage analysis. When the repeat sequences occur in the open reading frame, polymorphic amino acid sequences can be generated. Several inherited neurological disorders such as Friedreich's Ataxia and Huntington's Disease have been linked to intergenerational locus-speci®c expansion of tri-nucleotide tracts (Andrew et al., 1993; Bidichandani et al., 1998) . The mechanism of expansion or contraction of these repetitive sequences is not fully understood, but is believed to be associated with slipped-strand mispairing, uneven recombination, or a combination of both (Jakupciak and Wells, 1999; Wells, 1996) .
Somatically acquired microsatellite alterations occur frequently in endometrial, gastrointestinal, testicular, colorectal and ovarian carcinomas leading to characterizing these tumors as microsatellite instable (MSI+) or not (MSI7) (Gurin et al., 1999; King et al., 1997; Liu et al., 1995; Orth et al., 1994; Yamamoto et al., 1997) . These alterations are correlated with mutations in mismatch repair (MMR) system genes (hMSH2, hMLH1, hMSH6 etc.) (Bronner et al., 1994; Herman et al., 1998; Liu et al., 1996 Liu et al., , 1999 Malkhosyan et al., 1996; Nicolaides et al., 1994) . Several studies have shown that mismatch repair mutant colorectal tumors also exhibit mutations in genes with nucleotide repeats such as TGF b II and BAX Parsons et al., 1995; Rampino et al., 1997) .
We have developed informatics tools to search DNA databases for sequences such as repeats that could potentially be polymorphic (Fondon et al., 1998; Wren et al., 2000) . Currently our RepX software has identi®ed over 30 000 expressed sequences with repetitive DNA elements predicted to be polymorphic, providing a comprehensive list of UniGene predicted polymorphisms (Wren et al., 2000) . Out of those, 104 genes were selected with putative polymorphic repetitive regions for experimental validation, and 67% were found to be polymorphic in a panel of 30 B-lymphocyte cell line DNAs examined. Repeat sequences in the 5' untranslated region were polymorphic in 67% of the cases; those in the 3' untranslated region varied in 77%, while those in the open reading frame were polymorphic in 56% of the cases (Wren et al., 2000) . In the present study we have examined 20 genes with repeat sequences in the open reading frames for development of microsatellite alterations in human cancers. Of these, 17 exhibited no germline polymorphisms for 60 chromosomes tested ( Tables 1 and 2 . In addition we further tested ®ve MSI7 and ®ve MSI+ primary colorectal cancer sample DNAs for alterations in those genes (TAN1, SREBP-2, GR6) showing acquired alterations in the tumor cell line screen.
We found microsatellite alterations in cancer cell lines in four of the 20 genes which were classi®ed as non-polymorphic' in our previous study, using BL (germline) DNA sample (Table 2, Figure 1 ). The following primers were used in the RT ± PCR reaction: SREBP-2; SREBP-2fw 5'-GAA CAG CTG TGT AGC TCC-3' and SREBP-2rev 5'-CCT GCT GCT GAA TGG TGA CC-3' (Data not shown). TAN-1: TAN1fw 5'-GGT GAG ACC TGC CTG AAT GG-3' and TAN1rev 5'-CCA CAC TCG TTG ACA TCC-3'
Alterations of coding microsatellite sequences in cancers E Forgacs et al were ampli®ed by polymerase chain reaction using the`touchdown' methodology with an initial denaturation step at 958C for 10 min. This was followed by 10 touchdown cycles of 30 s at 948C, 30 s at 708C (with a decrease in the annealing temperature by 18C each cycle), and 30 s at 728C. This was followed by 30 cycles of 30 s at 948C, 30 s at 608C and 30 s at 728C, with a ®nal extension at 728C for 10 min. DNA (*50 ± 100 ng of genomic DNA) was ampli®ed in 20 ul reaction volumes containing: 50 mM KCl, 10 mM Tris (pH 8.3), 1.5 mM MgCl 2 , 200 mM dNTPs, 1 mM of each primer, and 0.5 U Amplitaq Gold (Perkin Elmer Cetus), and of 2 mCi of 32P-dCTP (Amersham). The samples were heat denatured, snap chilled, and run on a 0.56MDE gel, at 220 Volts, overnight. The gels were dried and exposed overnight using BioMax ®lm (Kodak). For sequencing shifted SSCP bands were excised from MDE gels, and the DNA was eluted with distilled water and re-ampli®ed using the original PCR primers. The PCR product was run on a 2% agarose gel and puri®ed by Geneclean (BIO, CA, USA Oncogene Alterations of coding microsatellite sequences in cancers E Forgacs et al TAN-1, the human homologue of the Drosophila Notch-1 gene, a common translocation site in Tlymphoblastic neoplasms (Ellisen et al., 1991) , was found to have a 3 bp deletion (Val 1578 ), which appears to be homozygous, in V481 and V703 MSI+ colorectal cancer cell lines (Figure 1d ). This change is somatically acquired in V703 colon cancer cell line, as the corresponding control DNA did not have the alteration. This alteration could not be detected when the panel of 56 normal controls (individuals of dierent racial origin and with no family history of cancer) were screened. In addition, with RT ± PCR we found expression of the TAN-1 gene in V481 and V703 colon cancer cells (data not shown, Table 2 ). This alteration is in a region which was previously found to be a tumor-associated proviral insertion site in mice (Girard et al., 1996) , and further studies are needed to determine if this alteration aects the function of the TAN-1 protein. No alterations in TAN-1 were found when ®ve MSI7 and ®ve MSI+ colorectal primary tumors were screened.
There was a TGC (Ser) insertion following codon 73 in the SREBP-2 gene (Sterol Regulatory Element Binding Protein-2) (Hua et al., 1993) in an MSI+ colorectal cancer cell line (V6). Expression of SREBP-2 gene in the colon cancer cells was con®rmed by RT ± PCR (data not shown, Table 2 ). The corresponding normal DNA from patient V6 was not available. Therefore DNAs from 56 normal controls were analysed, and the insert Ser 73 was not found. However a previously unknown 9 bp deletion (Gly No alterations were found for SREBP-2 gene in ®ve MSI7 and ®ve MSI+ primary colorectal tumors.
A CAG (Glu) insertion was detected in the NAP4 (Nck, Ash and phospholipase C) gamma-binding protein (Matuoka et al., 1997) in a breast cancer (HCC1143), and a non-small cell lung (H2882) cancer cell line. The breast cell line alteration was found to be homozygous while the change in the other cell line was heterozygous. While we had not detected this polymorphism in our prior screen, we found this alteration present in the corresponding B lymphocyte DNA for HCC1143 and H2882, and thus, this represented a germline polymorphism (Figure 1b) .
The SW48 (MSI+) colorectal cancer line and a MSI+ colorectal primary tumor (T10) had a GA frameshifting deletion, and another MSI+ tumor (T8) had a GA insertion in the GR6 gene, which is located within the leukemia breakpoint region at 3q21 (Pekarsky et al., 1997) . There were no alterations found in our normal control population of 56 individuals. Table 3 summarizes the alteration frequencies for the various tumor cell lines and tumors tested.
To determine whether loci that exhibit polymorphisms could be mutated in cancer cells, or to see if a cancer speci®c genotype exists, we examined three genes (hPc2, CA150 and MEKK1) previously found to exhibit germline polymorphisms (Wren et al., 2000) for dierent mutations in the tumor cell lines. The results are summarized in Table 4 . A CAC (His) insertion at codon 398 of the histidine track of the hPc2 gene (Satijn et al., 1997) was found in the V451(MSI7) colorectal cancer cells. This genotype was not found in our prior germline screen. We also found that the CA150 gene has a signi®cantly higher frequency of repeat expansions and contractions in MSI+ (6/13) as compared with MSI7 (0/8) colorectal cancers ( Figure  1e) .
We have combined a new informatics approach which identi®es repeat sequences with a propensity for polymorphism in the open reading frames of genes in the UniGene database with experimental testing for alterations in these sequences in human cancers. For this ®rst study we selected genes with known or predicted function. As knowledge of the UniGene dataset enlarges other candidates can be tested.
Our study indicates that coding region microsatellite alterations are rare in lung, breast, ovarian cancers, and MSI7 colon cancers, but are more frequent in MSI+ colorectal carcinomas with known mismatch repair mutations (P=0.000003 by w 2 test, Table 4 ). Human tumors with mismatch repair mutations are known to have frequent repeat sequence alterations, and our results (6/18 of MSI+ colorectal tumors with mutations) would indicate that such alterations aecting the open reading frame are even more frequent than previously thought, since they aect three of the 17 genes. Whether these mutations have functional 
